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ABSTRACT: Because all three protein components of prothrombinase, factors (f ) Xa and Va and prothrombin,
bind to negatively charged membrane phospholipids, the exact role of the membrane in the prothrombinase
reaction has not been fully understood. In this study, we prepared deletion derivatives of fXa and
prothrombin in which both the Gla and first EGF-like domains of the protease (E2-fXa) as well as the
Gla and both kringle domains of the substrate (prethrombin-2) had been deleted. The fVa-mediated catalytic
activity of E2-fXa toward prethrombin-2 was analyzed in both the absence and presence of phospholipids
composed of 80% phosphatidylcholine (PC) and 20% phosphatidylserine (PS). PCPS markedly accelerated
the initial rate of prethrombin-2 activation by E2-fXa, with the cofactor exhibiting saturation only in the
presence of phospholipids (apparent Kd of ∼60 nM). Competitive kinetic studies in the presence of the
two exosite-1-specific ligands Tyr63-sulfated hirudin54-65 and TM456 suggested that while both peptides are
highly effective inhibitors of the fVa-mediated activation of prethrombin-2 by E2-fXa in the absence of PCPS,
they are ineffective competitors in the presence of phospholipids. Since neither E2-fXa nor prethrombin-2 can
interact with membranes, these results suggest that interaction of fVa with PCPS improves the affinity of the
activation complex for proexosite-1 of the substrate. Direct binding studies employing OG488-EGR-labeled
fXa and E2-fXa revealed that the interaction of the Gla domain of fXa with PCPS also induces
conformational changes in the protease to facilitate its high-affinity interaction with fVa.

Factor X is a vitaminK-dependent serine protease zymogen in
plasma that upon activation to factor Xa (fXa)1 binds with high
affinity to other components of the prothrombinase complex
(fVa, negatively charged phospholipid vesicles, and calcium) to
activate prothrombin to thrombin during the blood coagulation
process (1-5). The complex formation improves the catalytic
efficiency of fXa by more than 5 orders of magnitude by
decreasing the apparent Km of prothrombin ∼100-fold and
increasing the kcat ∼1000-fold (2, 6). The decrease in Km is
thought to be due to the γ-carboxyglutamic acid (Gla)-dependent
interaction of both fXa and prothrombinwith negatively charged

phospholipid vesicles which increases the local concentration
of prothrombin near the enzyme complex, while the increase in
kcat is largely attributed to the cofactor effect of fVa in the
reaction (7, 8). The mechanism by which fVa improves the kcat of
prothrombin activation by fXa in the prothrombinase complex is
poorly understood, though it has been established that several
protein-membrane and protein-protein interactions are the
driving force behind the high catalytic efficiency of fXa in the
prothrombinase complex (8-11). Thus, a recent study has
postulated that fVa binding to fXa in the prothrombinase
complex exposes a new binding exosite on the protease that is
a recognition site for the substrate, prothrombin, in the activation
complex (12). Other kinetic and mutagenesis studies have in-
dicated that the interaction of fVa with the substrate also plays
a key role in improving the catalytic efficiency of fXa in the
prothrombinase complex (13-15). In support of these hypoth-
eses, several recognition sites for fVa on the protease domains of
both the enzyme fXa and the substrate prothrombin have been
identified by both kinetic and direct binding studies (13, 16-19).
Thus, it has been demonstrated that the mutagenesis of the basic
residues of the heparin binding site on the protease domain
[particularly Arg165 in the chymotrypsinogen numbering system
(20)] dramatically impairs the ability of fXa to interact with fVa
in the prothrombinase complex, suggesting that selected basic
residues of the heparin-binding exosite of fXa interact with the
cofactor (16). In support of a binding site for fVaon the substrate,
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it has been demonstrated that the exosite-1-specific ligand Tyr63-
sulfated hirudin54-65 competitively inhibits the fVa-mediated
activation of prothrombin by fXa (13). Moreover, the mutagen-
esis of the basic residues of exosite-1 on the substrate prothrom-
bin (proexosite-1) has been shown to dramatically impair the rate
of substrate activation by fXa in the prothrombinase complex
(14), supporting the hypothesis that this basic proexosite-1 of the
substrate constitutes a recognition site for fVa in the prothrom-
binase complex.

While recent studies have indicated that both the Gla and
kringle-2 domains of prothrombin have binding sites for fVa
(5, 21, 22), the mutagenesis and kinetic studies investigating such
a role for either the Gla or the EGF-1 domain of fXa in the
prothrombinase complex have not yielded consistent results.
Thus, a recent kinetic study utilizing a fXa-fIXa chimera, in
which both the Gla and EGF-1 domains of fXa were replaced
with the corresponding domains of fIXa, concluded that neither
the Gla nor the EGF-1 domain of fXa contributes to the high
affinity of the fXa-fVa interaction on phospholipid vesicles
composed of 80% phosphatidylcholine (PC) and 20% phospha-
tidylserine (PS) (23). Nevertheless, another study, using an
identical fXa-fIXa chimeric construct, investigated the affinity
of the chimeric fXa for the cofactor by a similar prothrombinase
assay and concluded that the Gla and/or EGF-1 domain of fXa
contributes ∼10-fold to the affinity of the protease-cofactor
interaction (24). Our own kinetic studies with a deletion deriva-
tive of fXa lacking the first EGF domain did not assign a specific
role to the EGF-1 domain in the prothrombinase complex
assembly (25); however, the removal of the Gla domain
(GD-fXa) or both the Gla and EGF-1 domains (E2-fXa)
dramatically impaired the rate of substrate activation and the
affinity of the mutant proteases for interaction with fVa in both
the absence and presence of PCPS vesicles, though with a
considerably higher degree of impairment in the absence of the
phospholipids (26). These results indicate an apparent role for the
interaction of the Gla domain of fXa with PCPS, fVa, or both
for the high specificity of the assembly of protease into the
prothrombinase complex. Alternatively, the incorporation of fVa
into PCPS vesicles or binding of the negatively charged PS to a
regulatory site on fVamaymodulate the specificity and affinity of
fXa and/or prothrombin for interaction with the cofactor in the
activation complex (27-29). However, the investigation of these
important questions has been confounded by the observation
that all three protein components of the prothrombinase reaction
can interact with the PCPS vesicles.

In this study, we investigated the role of negatively charged
phospholipids in the recognition specificity of the components
of the prothrombinase complex by analyzing the kinetics of
fVa-mediated prethrombin-2 activation by E2-fXa in both the
absence and presence of PCPS vesicles. Competitive kinetic
studies using the proexosite-1-specific ligands revealed that the
interaction of fVa with PCPS improves the affinity of prothrom-
binase for the substrate. Furthermore, direct binding studies
employing OG488-EGR-labeled fXa and E2-fXa indicated that
PCPS may also induce conformational changes in fXa, thereby
facilitating its high-affinity interaction with fVa.

MATERIALS AND METHODS

Recombinant and Plasma Proteins. The expression and
purification of wild-type fX and its deletion derivative lacking
both the Gla and the first EGF-like domains (E2-fX) in human

embryonic kidney (HEK) 293 cells have been described pre-
viously (26, 30). The deletion mutants of prothrombin lacking
both the Gla and kringle-1 domains (prethrombin-1) or Gla,
kringle-1, and kringle-2 domains (prethrombin-2) were expressed
in baby hamster kidney (BHK) cells and purified to homogeneity
as described previously (14). Thrombomodulin fragment 456
(TM456) was expressed in HEK-293 cells and purified to
homogeneity as described previously (31). Human plasma
proteins, including fVa, fXa, prothrombin, and the factor
X-activating enzyme from Russell’s viper venom (RVV-X),
were purchased from Haematologic Technologies Inc. (Essex
Junction, VT).

Phospholipid vesicles containing 80% phosphatidylcholine
and 20% phosphatidylserine (PCPS) were prepared as described
previously (32). The chromogenic substrate, Spectrozyme FXa
(SpFXa), was purchased from American Diagnostica (Green-
wich, CT), and S2238 was purchased from Kabi Pharmacia/
Chromogenix (Franklin, OH). Tyr63-sulfated hirudin54-65

[Hir54-65(SO3
-)] was purchased from Sigma (St. Louis, MO).

The NR-[(acetylthio)acetyl] derivative of EGR-ck (ATA-EGR-
ck) was a generous gift from P. Bock (Vanderbilt University,
Nashville, TN). Oregon Green488 (OG488) was purchased from
Invitrogen.
Activation of Factor XDerivatives by RVV-X. Both wild-

type fX and E2-fX were converted to active forms by RVV-X as
described previously (26, 30). Briefly, each factor X derivative
(∼1mg) was incubatedwithRVV-X (10 nM for the wild type and
100 nM for themutant) at 37 �C for 2 h in 0.1MNaCl and 0.02M
Tris-HCl (pH 7.5) containing 5 mM Ca2+ (TBS/Ca2+). Time
course analysis of the activation reactions indicated that both fX
zymogens were converted to their active forms under these
experimental conditions. Wild-type fXa was purified on a Mono
Q ion exchange column as described previously (30). The fully
γ-carboxylated proteins were eluted from the ion exchange
column at∼0.45MNaCl as described previously (30). Activated
E2-fX (E2-fXa) was separated from the snake venom on SBTI
(soybean trypsin inhibitor) coupled to Affigel-10 as described
previously (33). Active site concentrations were determined with
an amidolytic activity assay and titrations with human antith-
rombin assuming a 1:1 stoichiometry as described previously
(30). These concentrations were within 80-100% of those
expected on the basis of zymogen concentrations as determined
from the absorbance at 280 nm using a published absorption
coefficient (34).
Prethrombin-2 Activation. The initial rate of prethrombin-2

(5 μM) activation by E2-fXa (1-2 nM) was studied in the
presence of varying concentrations of fVa (0-200 nM) in the
absence or presence of PCPS vesicles (20 μM) in TBS/Ca2+ as
described previously (35). Following a 30min incubation at room
temperature, the activation reactions in 96-well assay plates were
terminated by addition of 20 mM EDTA, and the rate of
thrombin generation was determined from the cleavage of
S2238 (100 μM) at 405 nm by a Vmax kinetic microplate reader
(Molecular Devices, Menlo Park, CA) using a standard curve
prepared with known concentrations of thrombin. The Kd(app)

value for interaction with fVa was calculated from the hyperbolic
dependence of activation rates on the concentrations of the
cofactor as described previously (35). In all reactions, it was
ensured that less than 5% of prethrombin-2 was activated at all
concentrations of the substrates.
Prethrombin-2Activation in thePresence ofHir54-65(SO3

-).
The inhibitory effects of TM456 and the hirudin peptide on the
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kinetics of fVa-mediated (50 nM) prethrombin-2 (1 μM) activa-
tion by E2-fXa (5 nM) in the absence and presence of PCPS
vesicles (20 μM) were monitored in the presence of increasing
concentrations of TM456 (0-10 μM) or the hirudin C-terminal
peptide (0-20 μM) in TBS/Ca2+ as described previously (14).
The concentration of thrombin generated in each reaction was
calculated from a standard curve as described above. To simplify
comparisons of the competitor dependence of the activation
reactions, the data for all activation reactions were normalized to
maximal thrombin generation in the absence of the competitor.
The dissociation constant [Kd(app)] for the interaction of the
competitors with prethrombin-2 was calculated by nonlinear
least-squares computer fitting of the data by the quadratic
competitive binding equation as described previously (13).
Oregon Green488 Labeling. The methods developed by

Bock were used to conjugate OG488 to the active sites of the
ATA-EGR-ck inhibited fXa derivatives (36). Briefly, fXa deri-
vatives were incubatedwith a 10-foldmolar excess ofATA-EGR-
ck, and the extent of active site labelingwasmonitored by the loss
of amidolytic activities using the chromogenic substrate SpFXa.
The incubation was continued for 30 min until more than 99.9%
of the enzyme activity was inhibited. The ATA-EGR-ck-labeled
proteins were then incubated with a 20-fold molar excess of
OG488-iodoacetamide in the presence of 0.1 M NH2OH for 2 h
at room temperature and then chromatographed on a Sephadex
G-25 column to remove unreacted reagents. The OG488-labeled
proteins, eluted in the void volume, and any potential remaining
free dyes were separated by extensive dialysis in TBS/Ca2+ at
4 �C. The extent of fluorescence labeling and protein concentra-
tions were determined as described by Bock using an extinction
coefficient of 81000 M-1 cm-1 at 490 nm for OG488 and a
correction factor ε280/ε498 of 0.19 for the contribution from the
dye to 280 nm absorbance of the labeled proteins (36).
Anisotropy and FluorescenceMeasurements. Steady-state

anisotropy and fluorescence measurements were taken using
an Aminco-Bowman series 2 spectrophotometer (Spectronic
Unicam, Rochester, NY) equipped with an automatic polarizer
interfaced with a personal computer for data acquisition and
analysis as described previously (37). The equilibrium dissocia-
tion constants (KD) for the interaction of OG488-EGR-fXa with
fVa on PCPS vesicles were determined from the increase in the
anisotropy of OG488 in the active sites of fXa derivatives upon
interaction with the cofactor as described previously (37).
This was done by titrating increasing concentrations of fVa
(0.1-200 nM) with a fixed concentration of each labeled fXa
derivative (10 nM) on PCPS vesicles (10 μM) in TBS/Ca2+. The
excitation and emission wavelengths were set at 490 and 520 nm,
respectively. The bandwidths were set at 8 nm for both excitation
and emission. The titration was conducted via the addition of
1-2 μL of a stock solution of fVa (1-4 μM) to the labeled fXa in
a 4 mm � 4 mm quartz cuvette in a volume of 0.5 mL at 25 �C.
The increase in the anisotropy of OG488-EGR-fXa upon inter-
action with fVa was recorded and plotted as a function of
cofactor concentration as described previously (37). The KD for
the interaction of the labeled fXa with fVa was calculated by
nonlinear least-squares computer fitting of the data by the
quadratic binding equation. In fluorescence experiments, similar
experimental procedures were employed to monitor changes in
the emission intensity of the fluorescence probe in the active site
pocket of OG488-EGR-fXa derivatives upon their interaction
with PCPS vesicles at excitation and emission wavelengths of
490 and 520 nm, respectively, as described above.

RESULTS

Effect of PCPS Vesicles on Prethrombin-2 Activation
and Interaction with fVa. The initial rate of prethrombin-2
activation by E2-fXa in the presence of increasing concentrations
of human fVa is presented in Figure 1. The activation curve
exhibited a saturable dependence on the concentrations of fVa on
PCPS vesicles with an apparent dissociation constant [Kd(app)] of
∼60 nM; however, no saturation kinetics for fVa was observed in
the absence of phospholipids at up to 200 nM, the highest
concentration of the cofactor used in the reaction. Since neither
the protease nor the substrate can interact with PCPS vesicles,
these results suggest that the interaction of fVa with the nega-
tively charged phospholipids is associatedwith structural changes
in the cofactor that promote its interactionwith the protease and/
or the substrate in the prothrombinase complex.

On the basis of several recent studies, it has been hypothesized
that fVa may provide a binding site for direct interaction with
the proexosite-1 of prothrombin in the prothrombinase complex
(13, 14). In support of this hypothesis, it has been demonstrated
that the fVa-mediated acceleration of prethrombin-1 activation
by the prothrombinase complex can be specifically and competi-
tively inhibited by the exosite-1- and proexosite-1-specific peptide
ligands derived from either thrombomodulin (TM456) or the
C-terminal domain of the leech inhibitor, hirudin (13, 14). To
investigate the possibility that the interaction of fVa with PCPS
modulates the structure of the cofactor, thereby influencing its
interaction with the substrate, we took advantage of these
observations and thus monitored the fVa-mediated activation
of prethrombin-2 by E2-fXa in the absence and presence of PCPS
vesicles as a function of the increasing concentrations of either
TM456 or the hirudin C-terminal peptide Hir54-65(SO3

-). Inter-
estingly, while TM456 had no effect on the activation of
prethrombin-2 by E2-fXa in the absence of fVa, the peptide
effectively inhibited the fVa-mediated activation of the deletion
mutant of prothrombin by the deletion mutant of fXa in the
absence but not in the presence of PCPS vesicles (Figure 2A).
The Tyr63-sulfated hirudin peptide also exhibited a similar
competition profile, thus efficiently inhibiting the substrate
activation in the absence of PCPS vesicles, while being a poor

FIGURE 1: Concentration dependence of fVa-mediated prethrom-
bin-2 activation by E2-fXa in the absence and presence of PCPS
vesicles. The activation of prethrombin-2 (5 μM) by E2-fXa (2 nM)
was monitored as a function of increasing concentrations of fVa in
the absence (b) or presence (O) of 20μMPCPSvesicles inTBS/Ca2+.
Following a 30 min activation at room temperature, EDTA was
added to a final concentration of 20 mM, and the rate of thrombin
generationwasmeasured fromthe cleavage rateofS2238asdescribed
inMaterials andMethods. Solid lines in the presence ofPCPSvesicles
are nonlinear regression fits of kinetic data to a hyperbolic equation
yielding an apparent Kd of 61.7 ( 13.1 nM (n = 3) for fVa in the
prethrombin-2 activation reaction.
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inhibitor of the substrate activation in the presence of phospho-
lipids (Figure 2B). Nonlinear regression analysis of kinetic
data by a competitive binding equation (13) yielded apparent
dissociation constants of 0.6-1 μM for the interaction of
competitors with proexosite-1 of prethrombin-2 in the absence
of PCPS vesicles; however, no reliable value for interaction of
either peptide with the substrate could be calculated in the
presence of phospholipids. These results strongly suggest that
the affinity of the substrate for fVa is lower in the absence of
PCPS; thus, the exosite-1-specific ligands are capable of effec-
tively competing with the cofactor for interaction with the
substrate. On the other hand, the incorporation of fVa into
phospholipid vesicles markedly improves the affinity of the
proexosite-1 interactive site on the cofactor for interaction with
the substrate, thus rendering both inhibitory peptides ineffective
competitors of the substrate activation by E2-fXa. It should be
noted that neither TM456 nor the hirudin C-terminal peptide has
a binding site for the protease.
Analysis of fXa-fVa Interactions by Equilibrium Bind-

ing Measurements. Previous studies have indicated that the
fluorescence anisotropy of OG488-EGR, tethered into the cata-
lytic pocket of fXa, is increased upon interaction with fVa
on PCPS vesicles (12). Furthermore, it has been demonstrated
that the affinity of the Arg165 to Ala substitution mutant of
fXa (R165A) for interaction with fVa has been impaired at least

10-fold, suggesting that this basic residue is an important
recognition site for the cofactor in the prothrombinase complex
(17, 37). We utilized this direct binding approach to compare the
affinity of the OG488-EGR-labeled fXa-R165A and OG488-EGR
E2-fXa with that of wild-type fXa in the presence and absence
of PCPS vesicles. Since no change in anisotropy for any of
the OG488-EGR-labeled fXa derivatives was observed at up to
200 nM fVa in the absence of PCPS vesicles, the investigation had
to be limited to the analysis of the interactions only in the
presence of phospholipids. The results presented in Figure 3A
suggest that wild-type fXa labeled with the fluorescent probe
binds to fVa with a KD of ∼1.5 nM, a value consistent with
previous results reported for the interaction of the two proteins
using the same approach (12, 38). On the other hand, the R165A
mutant of fXa exhibited a markedly weaker KD of ∼10.5 nM,
suggesting that Arg165 is a residue on fXa that may directly
interact with fVa incorporated into PCPS vesicles. Interestingly,
the enhancement in the anisotropy of the labeled probe in the
active site of E2-fXa was approximately twice as high as that of
wild-type fXa, whereas the KD (∼60 nM) for the interaction of
the fXa deletion mutant with the cofactor was dramatically
weakened (Figure 3B). To further investigate this question, we
labeled the active site of a non-γ-carboxylated (fXa-des-Gla)

FIGURE 2: FVa-dependent inhibitory effects of exosite-1-specific
ligands on the E2-fXa activation of prethrombin-2 in the absence
and presence of PCPS vesicles. (A) The inhibitory effect of increasing
concentrations of TM456 (x-axis) on the fVa (50 nM)-mediated
prethrombin-2 (1 μM) activation by E2-fXa (1 nM) in the absence
(O) or presence (b) of PCPS vesicles (20 μM)was monitored in TBS/
Ca2+ at room temperature. The initial rate of thrombin generation
was measured by an amidolytic activity assay using S2238, and the
data were normalized to the percentage of activity at each concentra-
tion of the inhibitor (100% in the absence of the inhibitor) as
described inMaterials andMethods. (B) The same as panel A except
that the inhibitory effect of Hir54-65(SO3

-) on the fVa-mediated
prethrombin-2 activation by E2-fXa was monitored in the absence
(O) or presence (b) of PCPS vesicles.Nonlinear regression analysis of
data in the absence of PCPS vesicles according to a competitive
binding equation (13) yielded apparent Kd values of 0.7 ( 0.2 μM
(n = 3) for TM456 (A) and 0.9 ( 0.2 μM (n = 3) for hirudin
C-terminal peptide (panel B) inhibition of the activation reactions.

FIGURE 3: Enhancement in the anisotropy of the OG488-EGR-la-
beled fXa derivatives upon interaction with fVa on PCPS vesicles.
(A) Fixed concentrations of OG488-EGR-labeled wild-type fXa
(10 nM) (O) or OG488-EGR-labeled fXa-R165A (4 nM) (b) were
titrated with increasing concentrations of human fVa (0-50 nM) on
PCPS vesicles (10 μM) in TBS/Ca2+ at 25 �C.KD values of 1.5( 0.6
nM (n = 3) and 10.3 ( 3.5 nM (n = 3) for wild-type fXa and fXa-
R165A, respectively, were calculated for fVa from the saturable
changes in the anisotropy (Δr) of the labeled proteins according to
a quadratic binding equation as described inMaterials andMethods.
(B) The same as panel A except that OG488-EGR-labeled E2-fXa
(10 nM) was used in the fVa titration, yielding a KD of 62 ( 4 nM
(n= 3) for the interaction of the mutant protease with the cofactor.
(C) The same as panel A except that OG488-EGR-labeled fXa-des-
Gla (10 nM)was used in the fVa titration, yielding aKD of 58( 9 nM
(n= 3) for the interaction of the mutant protease with the cofactor.
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fraction of recombinant fXa which elutes from the Mono
Q column at a much lower concentration of NaCl (39). We
previously demonstrated that this fraction of fXa cannot bind
PCPS vesicles and its proteolytic and clotting activity has been
impaired more than 100-fold; however, this fXa fraction exhibits
a normal amidolytic activity (39). Analysis of the binding data
suggested that OG488-EGR-fXa-des-Gla interacts with fVa with
a KD of ∼60 nM that is similar to the same value obtained for
the interaction of labeled E2-fXa with the cofactor (Figure 3C).
In agreementwith the direct binding data, the apparent affinity of
fXa-des-Gla for interaction with fVa was dramatically impaired
in the prothrombinase assay, as the wild type and des-Gla
derivative of fXa exhibited Kd(app) values of 0.5 and 50 nM,
respectively, in a prothrombinase assay using the prethrombin-1
derivative as the substrate (Figure 4). Essentially similar results
were obtained when prethrombin-2 was used as the substrate,
except that the rate of activation was reduced ∼5-fold for both
proteases (data not shown). Taken together, these results support
the hypothesis that the interaction of the Gla domain of fXa with
PCPS contributes to the high-affinity interaction of the protease
with the cofactor on phospholipid vesicles.
Equilibrium Binding Measurements of the Interaction of

fXa with PCPS Vesicles. Previous studies monitoring the
interaction of the fluorescein-labeled EGR-inhibited fXa with
PCPS vesicles have reported∼15%quenching of the fluorescence
intensity of the labeled fXa upon its interaction with saturating
concentrations of negatively charged phospholipids (40, 41).
To investigate the hypothesis that the interaction of fXa
with PCPS vesicles is associated with a conformational change
in the fVa interactive site of the protease, the fluorescence of

OG488-EGR-labeled fXa was monitored in the presence of
increasing concentrations of PCPS vesicles. The results presented
in Figure 5 indicate that, similar to that of the fluorescein-labeled
EGR-fXa, the fluorescence of OG488-EGR-fXa is decreased
∼10% upon interaction with PCPS vesicles, yielding a KD of
∼400-500 nM. Interestingly, however, the fluorescence of
OG488-EGR-labeled fXa-R165A was not affected by interaction
with PCPS, clearly suggesting that Arg165 of the 170 helix in fXa
is part of a structural motif sensitive to the PCPS-mediated
conformational change in the active site groove of the protease.

DISCUSSION

Previous results have indicated that the interaction of proex-
osite-1 of prothrombin with fVa contributes to the recognition
mechanism of the substrate by the prothrombinase complex
(13-15). We have demonstrated in this study that the incorpora-
tion of fVa into the PCPS vesicles improves the affinity of the
cofactor for interaction with the substrate and/or protease. This
hypothesis is derived from the observation that PCPS vesicles
markedly improved the initial rate of prethrombin-2 activation
by E2-fXa in the presence of fVa. Furthermore, the exosite-
1-specific ligands TM456 and the hirudin C-terminal peptide
were effective competitive inhibitors of the fVa-mediated pre-
thrombin-2 activation by E2-fXa in the absence of PCPS vesicles;
however, both peptides were poor inhibitors of the substrate
activation in the presence of the negatively charged phospholipid
vesicles. Since neither the protease nor the substrate can interact
with the membrane, these results suggest that the interactive
site of the substrate on fVa in the solution phase may be of the
low-affinity type, thus explaining the ability of both competitors
to effectively inhibit the interaction of the substrate with the
cofactor. On the other hand, the substrate binding site of the
membrane-bound fVa becomes a high-affinity type, thus render-
ing the peptides poor competitors of the substrate interaction
with the cofactor in the prothrombinase complex. It was inter-
esting to note that TM456 exhibited no inhibitory effect on the
substrate activation in the presence of PCPS vesicles, suggesting
that the affinity of fVa for interaction with prethrombin-2 is
dramatically enhanced upon interaction of the cofactor with the
negatively charged phospholipids. Considering that membrane is
required for the fVa-mediated thrombin generation by fXa via
the meizothrombin intermediate pathway (first cleavage at the

FIGURE 4: Concentration dependence of the fVa-mediated pre-
thrombin-1 activation by wild-type fXa and fXa-des-Gla on PCPS
vesicles. (A) The activation of prethrombin-1 (2 μM)by fXa (0.1 nM)
(O) was monitored as a function of increasing concentration of fVa
onPCPSvesicles (20 μM) inTBS/Ca2+.Following a 2min activation
at room temperature, EDTA was added to a final concentration of
20 mM, and the rate of thrombin generation was measured from the
cleavage rate of S2238 as described in Materials and Methods.
(B) The same as panel A except that fXa-des-Gla (2 nM) (b) was
used as the protease in the substrate activation reaction. Solid lines in
both panels are nonlinear regression fits of kinetic data to a hyper-
bolic equation yielding apparent Kd values of 0.5( 0.06 nM (n= 3)
for wild-type fXa and 48.6 ( 6.2 nM (n= 3) for fXa-des-Gla.

FIGURE 5: PCPS-mediated changes in the fluorescence of OG488-
EGR-labeled fXa derivatives. OG488-EGR-labeled fXa (O) or fXa-
R165A (b) (50 nM each) was titrated with increasing concentrations
of PCPS vesicles (x-axis) in TBS/Ca2+ at 25 �C. The changes in the
emission intensity of the fluorescence probe in the active site pocket
of both proteases, upon their interaction with PCPS vesicles, were
recorded at excitation and emission wavelengths of 490 and 520 nm,
respectively, as described in Materials and Methods.
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Arg320 site), it is likely that such a PCPS-induced structural
change in the cofactor is responsible for binding and channeling
the substrate into this preferred thrombin generation pathway, as
previously hypothesized (8). The cofactor interactive site on the
substrate is most likely proexosite-1 as evidenced by previous
direct binding and kinetic studies which have established that
the hirudin C-terminal peptide and TM456 can specifically
interact with both proexosite-1 on prothrombin and exosite-1
on thrombin (13, 14, 42) and that no binding sites for these
peptides have been identified on protease fXa. On the basis of
several mutagenesis and fVa-derived peptide binding studies, an
acidic hirudin-like region on theC-terminal end of theA2domain
of fVa has been identified as the potential proexosite-1 interactive
on the cofactor (43). However, another similarmutagenesis study
with fVa deletion mutants lacking the same C-terminal sequence
of the A2 domain has reported no significant role for this
region of the cofactor in interaction with the substrate in the
prothrombinase complex (44). Thus, further studies may be
required to fully characterize the identity of the membrane-
dependent proexosite-1 interactive site on the cofactor.

A negatively charged phospholipid-dependent structural
change in fVa leading to an improvement in its affinity for
protease fXa has also been reported (7, 18, 45). Thus, it has been
demonstrated that amino acid residues 307-348 of fVa provide
an interactive site for fXa (18, 46) and that selected Lys/Arg
residues of the same sequence are susceptible to inactivation
cleavage by plasmin in the presence but not in the absence of
PCPS vesicles (47). It is also known that the cleavage atArg306 of
fVa by activated protein C requires the interaction of the cofactor
with anionic phospholipids, further supporting the hypothesis
that this region of the cofactor may undergo structural changes
upon incorporation into PCPS vesicles (48, 49). The site on fXa
that interacts with this region of fVa on PCPS vesicles has not
been identified, though we and others have demonstrated that
basic residues of the heparin-binding exosite of fXa contribute to
the high-affinity interaction of the protease with fVa in the
prothrombinase complex (16, 17). In particular, Arg165 of the
170 helix in the catalytic domain of fXa has been demonstrated to
be critical for the high-affinity interaction of the protease with
fVa on PCPS vesicles (16, 17, 37). With the exception of the
catalytic domain on the heavy chain of fXa, no interactive site for
fVa has been identified on the light chain of the protease, though
kinetic studies have indicated that the removal of theGla domain
of fXa dramatically impairs the affinity of the deletionmutant for
interaction with fVa, with the mutant protease exhibiting an
∼1000-fold lower KD for interaction with the cofactor (26). This
finding is in agreement with other kinetic and direct binding
studies demonstrating that negatively charged phospholipids
improve the affinity of fXa for fVa in the prothrombinase
complex by 3 orders of magnitude (7). Nevertheless, under-
standing the mechanism and the extent of the contribution of the
Gla domain for the high-affinity interaction of fXa with fVa has
been confounded by the observation that two different studies
using identical chimeric constructs in which the Gla and EGF-1
domains of factor IXa had replaced the same regions of fXa
reported inconsistent results, with one study finding a critical
role for the Gla and/or EGF-1 domain of fXa in the interaction
with fVa (24) and the other observing no significant role for
either domain in the interaction with the cofactor (23). Since
both studies used prothrombinase assays to assess the role of
these domains in the assembly of the complex, differences in the
assay conditions most likely account for the inconsistent results,

underscoring the unreliability of functional kinetic assays for the
quantitative evaluation of the contribution of Gla and/or EGF-1
domains of fXa to specificity of the protease interactionwith fVa.
Thus, we labeled the active site of wild-type fXa, the R165A
mutant, and the Gla-EGF-1 deletion mutant of fXa (E2-fXa)
with the fluorescent probe OG488 tethered to the tripeptidyl
inhibitor EGR-ck and directly measured the KD values for the
interaction of thesemutants with fVa at equilibrium.The analysis
of the binding data suggested that fVa interacts with the OG488-
labeled EGR-fXa with a KD of 1.5 ( 0.6 nM on PCPS vesicles,
which is consistent with the results reported for the fXa-fVa
interaction using the same experimental approach used by others
(12, 38). On the other hand, the OG488-labeled EGR-fXa-R165A
interacted with fVa with a markedly higherKD of 10.3( 3.5 nM,
suggesting that Arg165 of fXa contributes to the high-affinity
interaction of the protease with the cofactor. The same studies
with OG488-labeled EGR-E2-fXa suggested that the affinity of
the deletion mutant for interaction with fVa on PCPS vesicles
(KD = 62 ( 4 nM) was also dramatically impaired, indicating
that the interaction of theGla domain of fXa with PCPSmakes a
significant contribution to the high affinity of the interaction of
the protease with the cofactor. No binding for the fVa-E2-fXa
interaction was detected in the absence of PCPS at up to 200 nM
cofactor, further suggesting that interaction of fVa with the
negatively charged phospholipids is also required for the inter-
action. To understand whether loss of the interaction of the Gla
and/or EGF-1 domain of fXa in E2-fXa with fVa or if the loss of
its interaction of the Gla domain with PCPS vesicles accounts for
the low-affinity interaction of the mutant protease with the
cofactor, we also monitored the binding of the OG488-labeled
EGR-fXa-des-Gla in which the Gla domain of the full-length
protease is not γ-carboxylated and thus is unable to interact with
the membrane (39). The observation that the affinity of this fXa
derivative for interaction with fVa (KD = 58 ( 9 nM)
was weakened to an extent similar to that of the OG488-labeled
E2-fXa supports the previous modeling and mutagenesis data
which showed that neither the Gla nor the EGF-1 domain of fXa
has a direct interactive site for fVa (23, 50); however, the reduced
affinity of OG488-labeled EGR-fXa-des-Gla for fVa further
suggests that the interaction of the protease with PCPS vesicles
is required for its high-affinity interaction with the cofactor. This
would be possible if fXa makes simultaneous interactions with
both PCPS and fVa in the prothrombinase complex.

Recently, a membrane-independent role for a soluble phos-
phatidylserine (C6PS) in regulating the structure and function of
both the cofactor and the protease of prothrombinase has been
reported (27, 28, 45, 51, 52). Thus, it has been demonstrated that
C6PS can bind to two sites on the C1 and C2 domains of the fVa
light chain, with the former binding site playing a key role in
regulating the prothrombinase complex assembly (27, 45).
Furthermore, the same group has demonstrated that C6PS can
also bind to a regulatory site on Gla-EGF1 domains of the fXa
light chain to modulate the catalytic activity of the protease in
the activation complex (29). Although these previous observa-
tions were made with soluble C6PS, the regulation of the
prothrombinase activity by this molecule has been shown to be
nearly identical to regulation by PCPS vesicles (27, 28, 51, 52).
SinceE2-fXa lacks both theGla andEGF1domains, it is unlikely
that the binding of PS to a regulatory site on the mutant protease
plays a role in mediating the prothrombinase complex assembly.
However, it is possible that the interaction of PS with the
regulatory site on the C1 domain of fVa would improve the
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affinity of the cofactor for E2-fXa and/or prethrombin-2, thus
accounting for the PCPS-mediated improvement in the catalytic
activity of the mutant prothrombinase as observed in this study.
In this model of the prothrombinase complex assembly,
the reduced affinity of OG488-labeled EGR-fXa-des-Gla for
PCPS-bound fVa could also reflect the inability of PS to bind
to the regulatory site on Gla-EGF1 domains of the fXa variant
(29). Further studies with C6PS will be required to test these
possibilities.

Spectral data have indicated that the interaction of fluorescein-
labeled EGR-fXawith PCPS vesicles is associated with an∼15%
decrease in the emission intensity of the fluorophore in the active
site groove of the protein (40, 41). A similar PCPS-induced
decrease in the fluorescence intensity of the OG488-labeled EGR-
fXa was observed in this study. In a recent study, by using a
fluorescein-labeled Cys195 mutant of fXa, we demonstrated that
the PCPS-induced change in the spectral properties of the
fluorescent probe in the catalytic groove does not coincide with
a conformational change in the active site of fXa since the
emission intensity of the fluorescein-labeled Cys195 mutant of
fXa was not altered upon the interaction of the labeled protease
with PCPS vesicles (41). With the knowledge that the fluorescent
probe in the EGR-labeled protease is tethered to the P3-Glu
residue of the tripeptidyl inhibitor and that the inhibitor through
a chloromethylketone group (attached to P1-Arg) covalently
binds to His57 of the protease, it follows that this labeling
strategy would position the fluorescent dye somewhere in the
vicinity of the S4 subsite of the protease ∼15-20 Å from Ser195
of the active site as proposed previously (53). It is interesting to
note that in the crystal structure of the fXIa catalytic domain in
complex with ecotin, the basic residues of the conserved 170 helix
have been found to constitute part of the S4 loop, thus influen-
cing the specificity of the P4 binding pocket of the catalytic
groove (54). In this context, the observation that the loss of the
affinity of fXa-R165A for interaction with fVa on PCPS vesicles
was associated with a lack of sensitivity in the emission intensity
of the fluorescent probe in the catalytic pocket of the mutant
suggests that a conformational change in the environment of the
positively charged 170 helix of fXa is responsible for the
quenching of the fluorescent emission intensity of the probe in
the active site pocket of the protease upon its interaction with
PCPS vesicles. It follows therefore that substituting Arg165 with
a hydrophobic residue (Ala) eliminates the decrease in the
emission intensity of the fluorophore upon interaction of the
protease with negatively charged phospholipids. These results
strongly suggest that the interaction of fXa with PCPS vesicles is
associated with a conformational change in the 170 helix of fXa,
possibly making the residues of this loop accessible for the high-
affinity interaction with fVa. Further support for this hypothesis
is provided by the observation that the mutagenesis of other
residues of the 170 helix (in particular, Val163 and Ser167) is also
associated with impairment in the interaction of the mutant
proteases with fVa (55). Such a role for the membrane in
prothrombinase can explain the basis for the mutagenesis and
modeling studies in which no role for the Gla domain of fXa for
interaction with fVa on PCPS vesicles has been observed (23, 50),
yet the non-membrane-interacting fXa mutants E2-fXa and
fXa-des-Gla of this study exhibit dramatic impairment in their
affinity for interaction with fVa on PCPS vesicles. In the context
of this model, it cannot be ascertained whether the loss of affinity
of the R165A mutant of fXa for interaction with fVa is due to a
loss of direct interaction of this residue with fVa or if it is the

result of a mutagenesis-induced conformational change in the
170 helix of the protease. Whatever the case, it is clear that the
170 helix of fXa plays a critical role in the PCPS-dependent
interaction of the protease with the cofactor.

In summary, our results suggest that the role of negatively
charged phospholipids in the prothrombinase complex is more
than merely co-condensation of fXa with its substrate prothrom-
bin to decrease the Km of the catalytic reaction. On the basis of
the kinetic and direct binding data presented above, it appears
that protein-phospholipid interactions are associated with key
structural changes in the protein components of the prothrombi-
nase complex that facilitate their recognition and high-affinity
interaction with one another on the membrane surface. Such a
PCPS-mediated recognition mechanism in the prothrombinase
complex must play an important regulatory role in coagulation
since it ensures that physiological concentrations of fXa and fVa
will not form activation complexes to recruit prothrombin unless
negatively charged PS-containing membrane surfaces become
available due to injury and/or inflammation.
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R-thrombin: Interaction with D-Phe-Pro-Arg chlorometheylketone
and significance of the Tyr-Pro-Pro-Trp insertion segment. EMBO
J. 8, 3467–3475.

21. Blostein, M. D., Rigby, A. C., Jacobs, M., Furie, B., and Furie, B. C.
(2000) The Gla domain of human prothrombin has a binding site for
factor Va. J. Biol. Chem. 275, 38120–38126.

22. Kotkow, K. J., Deitcher, S. R., Furie, B., and Furie, B. C. (1995) The
second kringle domain of prothrombin promotes factor Va-mediated
prothrombin activation by prothrombinase. J. Biol. Chem. 270, 4551–
4557.

23. Thiec, F., Cherel, G., and Christophe, O. D. (2003) Role of the Gla
and first epidermal growth factor-like domains of factor X in the
prothrombinase and tissue factor-factor VIIa complexes. J. Biol.
Chem. 278, 10393–10399.

24. Hertzberg, M. S., Ben-Tal, O., Furie, B., and Furie, B. C. (1992)
Construction, expression and characterization of a chimera of factor
IX and factor X: The role of the second epidermal growth factor
domain and serine protease domain in factor Va binding. J. Biol.
Chem. 267, 14759–14766.

25. Kittur, F. S., Manithody, C., and Rezaie, A. R. (2004) Role of the
N-terminal epidermal growth factor-like domain of factor X/Xa. J.
Biol. Chem. 279, 24189–24196.

26. Rezaie, A. R., Neuenschwander, P. F., Morrissey, J. H., and Esmon,
C. T. (1993) Analysis of the functions of the first epidermal growth
factor-like domain of factor X. J. Biol. Chem. 268, 8176–8180.

27. Majumder, R., Quinn-Allen, M. A., Kane, W. H., and Lentz, B. R.
(2005) The phosphatidylserine binding site of the factorVaC2domain
accounts for membrane binding but does not contribute to the
assembly or activity of a human factor Xa-factor Va complex.
Biochemistry 44, 711–718.

28. Majumder, R.,Weinreb, G., Zhai, X., and Lentz, B. R. (2002) Soluble
phosphatidylserine triggers assembly in solution a prothrombin-
activating complex in the absence of a membrane surface. J. Biol.
Chem. 277, 29765–29773.

29. Srivastava, A., Wang, J., Majumder, R., Rezaie, A. R., Stenflo, J.,
Esmon, C. T., and Lentz, B. R. (2002) Localization of phospholipid
binding sites to structural domains of factor Xa. J. Biol. Chem. 277,
1855–1863.

30. Chen, L., Manithody, C., Yang, L., and Rezaie, A. R. (2004)
Zymogenic and enzymatic properties of the 70-80 loop mutants of
factor X/Xa. Protein Sci. 13, 431–442.

31. Rezaie, A. R., and Esmon, C. T. (1992) The function of calcium in
protein C activation by thrombin and the thrombin-thrombomodulin
complex can be distinguished by mutational analysis of protein
C derivatives. J. Biol. Chem. 267, 26104–26109.

32. Smirnov, M. D., and Esmon, C. T. (1994) Phosphatidylethanolamine
incorporation into vesicles selectively enhances factor Va inactivation
by activated protein C. J. Biol. Chem. 269, 816–819.

33. Bock, P. E., Craig, P. A., Olson, S. T., and Singh, P. (1989) Isolation
of human blood coagulation R-factor Xa by soybean trypsin inhibi-
tor-sepharose chromatography and its active-site titration with fluor-
escein mono-p-guanidinobenzoate. Arch. Biochem. Biophys. 273,
375–388.

34. DiScipio, R. G., Hermodson, M. A., Yates, S. G., and Davie, E. W.
(1977) A comparison of human prothrombin, factor IX (Christmas
factor), factor X (Stuart factor), and protein S. Biochemistry 16, 698–
707.

35. Manithody, C., and Rezaie, A. R. (2005) Functional mapping
of charged residues of the 82-116 sequence in factor Xa: Evidence
that lysine 96 is a factor Va independent recognition site for
prothrombin in the prothrombinase complex. Biochemistry 44,
10063–10070.

36. Bock, P. E. (1988) Active site selective labeling of serine proteases with
spectroscopic probes using thioester peptide chloromethyl ketones:
Demonstration of thrombin labeling using NR-[(acetylthio)acetyl]-D-
Phe-Pro-Arg-CH2Cl. Biochemistry 27, 6633–6639.

37. Rezaie, A. R., and Kittur, F. S. (2004) The critical role of the 185-
189-loop in the factor Xa interaction with Na+ and factor Va in the
prothrombinase complex. J. Biol. Chem. 279, 48262–48269.

38. Toso, R., and Camire, R. M. (2004) Removal of B-domain sequences
from factorV rather than specific proteolysis underlies themechanism
by which cofactor function is realized. J. Biol. Chem. 279, 21643–
21650.

39. Manithody, C., Yang, L., and Rezaie, A. R. (2002) Role of basic
residues of the autolysis loop in the catalytic function of factor Xa.
Biochemistry 41, 6780–6788.

40. Husten, E. J., Esmon, C. T., and Johnson, A. E. (1987) The active site
of blood coagulation factor Xa: Its distance from the phospholipid
surface and its conformational sensitivity to components of the
prothrombinase complex. J. Biol. Chem. 262, 12953–12962.

41. Qureshi, S. H., Yang, L., Yegneswaran, S., and Rezaie, A. R. (2007)
FRET studies with factor X mutants provide insight into the topo-
graphy of the membrane-bound factor X/Xa. Biochem. J. 407, 427–
433.

42. Dharmawardana, K. R., and Bock, P. E. (1998) Demonstration of
exosite I-dependent interactions of thrombin with human factor V
and factor Va involving the factor Va heavy chain: Analysis by affinity
chromatography employing a novel method for active-site-selective
immobilization of serine proteinases. Biochemistry 37, 13143–13152.

43. Hirbawi, J., Bukys, M. A., Barhoover, M. A., Erdogan, E., and
Kalafatis, M. (2008) Role of the acidic hirudin-like COOH-terminal
amino acid region of factor Va heavy chain in the enhanced function
of prothrombinase. Biochemistry 47, 7963–7974.

44. Toso, R., and Camire, R. M. (2006) Role of Hirudin-like factor Va
heavy chain sequences in prothrombinase function. J. Biol. Chem.
281, 8773–8779.

45. Majumder, R., Quinn-Allen, M. A., Kane, W. H., and Lentz, B. R.
(2008) A phosphatidylserine binding site in factor Va C1 domain
regulates both assembly and activity of the prothrombinase complex.
Blood 112, 2795–2802.

46. Kalafatis, M., and Mann, K. G. (2001) The role of the membrane in
the inactivation of factor Va by plasmin. Amino acid region 307-348
of factor V plays a critical role in factor Va cofactor function. J. Biol.
Chem. 276, 18614–18623.

47. Kalafatis, M., andMann, K. G. (2001) Factor V: Dr. Jeckyll andMr.
Hyde. Adv. Exp. Med. Biol. 489, 31–43.

48. Norstrom, E. A., Steen, M., Tran, S., and Dahlb
::
ack, B. (2003)

Importance of protein S and phospholipid for activated protein
C-mediated cleavages in factor Va. J. Biol. Chem. 278, 24904–24911.

49. Kalafatis, M., and Mann, K. G. (1993) Role of the membrane in the
inactivation of factor Va by activated protein C. J. Biol. Chem. 268,
27246–27257.

50. Autin, L., Steen, M., Dahlb
::
ack, B., and Villoutreix, B. O. (2006)

Proposed structural models of the prothrombinase (FXa-FVa)
complex. Proteins 63, 440–450.

51. Wu, J. R., Zhou, C., Majumder, R., Powers, D. D., Weinreb, G., and
Lentz, B. R. (2002) Role of procoagulant lipids in human prothrom-
bin activation. 1. Prothrombin activation by factorX(a) in the absence
of factor V(a) and in the absence and presence of membranes.
Biochemistry 41, 935–949.

52. Banerjee, M., Majumder, R., Weinreb, G., Wang, J., and Lentz, B. R.
(2002) Role of procoagulant lipids in human prothrombin activation.
2. Soluble phosphatidylserine upregulates and directs factor X(a) to
appropriate peptide bonds in prothrombin. Biochemistry 41, 950–
957.

53. Mutucumarana, V. P., Duffy, E. J., Lollar, P., and Johnson, A. E.
(1992) The active site of factor IXa is located far above the membrane
surface and its conformation is altered upon association with factor
VIIIa. A fluorescence study. J. Biol. Chem. 267, 17012–17021.

54. Jin, J., Pandey, P., Babine, R. E., Gorga, J. C., Seidl, K. J., Gelfand,
E., Weaver, D. T., Abdel-Meguid, S. S., and Strickler, J. E. (2005)
Crystal structures of the factor XIa catalytic domain in complex with
ecotin mutants reveal substrate-like interactions. J. Biol. Chem. 280,
4704–4712.

55. Levigne, S., Thiec, F., Cherel, G., Irving, J. A., Fribourg, C., and
Christophe, O. D. (2007) Role of the R helix 163-170 in factor Xa
catalytic activity. J. Biol. Chem. 282, 31569–31579.


